Planets residing in circumstellar habitable zones (CHZs) offer our best opportunities to test hypotheses of life's potential pervasiveness and complexity. Constraining the precise boundaries of habitability and its observational discriminants is critical to maximizing our chances at remote life detection with future instruments. Conventionally, calculations of the inner edge of the habitable zone (IHZ) have been performed using both 1D radiative-convective and 3D general circulation models. However, these models lack interactive three-dimensional chemistry and do not resolve the mesosphere and lower thermosphere (MLT) region of the upper atmosphere. Here we employ a 3D high-top chemistry-climate model (CCM) to simulate the atmospheres of synchronously-rotating planets orbiting at the inner edge of habitable zones of K-and M-dwarf stars (between T eff = 2600 K and 4000 K). Specifically, we present the first simultaneous 3D investigation of climate, photochemistry, and circulation on moist and runaway greenhouse atmospheres. Simulations are conducted for planets with N 2 -O 2 -H 2 O v -CO 2 -dominated atmospheres around a range of stellar spectral types with self-consistent stellar spectral energy distribution (SED)-orbital period relationships. While our IHZ climate predictions are in good agreement with GCM studies, we find noteworthy departures in simulated ozone and HO x photochemistry. For instance, climates around inactive stars do not typically enter the classical moist greenhouse regime even with high ( 10 −3 mol mol −1 ) stratospheric water vapor mixing ratios, which suggests that planets around inactive M-stars may only experience minor water-loss over geologically significant timescales. In addition, we find much thinner ozone layers on potentially habitable moist greenhouse atmospheres, as ozone experiences rapid destruction via reaction with hydrogen oxide radicals. Using our CCM results as inputs, our simulated transmission spectra and secondary eclipse thermal emission spectra show that both water vapor and ozone features of these atmospheres could be detectable by instruments NIRSpec and MIRI LRS aboard the James Webb Space Telescope. Our work indicates that simultaneous constraints on the UV emission of low-mass stars and the orbital properties of their attending planets, in conjunction with coupled physical-chemical numerical modeling, will be critical to understanding the habitability and observational prospects of rocky exoplanets.
INTRODUCTION
For the first time in human history, it is possible to find and characterize nearby rocky and potentially hab-et al. 2007; Dressing & Charbonneau 2015) − systems that are especially amenable to spectroscopic observation due to their high transit frequency, low star-toplanet brightness contrasts, prolonged main sequence lifetimes, and abundance in both the solar neighborhood and the projected Transiting Exoplanet Survey Satellite (TESS) sample (Henry et al. 2006; Barclay et al. 2018) . Indeed, TESS has already found small and Earthsized planets transiting cool stars (e.g., Vanderspek et al. 2019; Dragomir et al. 2019) . Upcoming characterization efforts by the James Webb Space Telescope, groundbased 30-meter extremely large telescopes, and direct imaging missions will likely attempt to detect habitability indicators (e.g., N 2 , H 2 O v ) and/or biosignatures (O 2 , O 3 , CH 4 , N 2 O, CO 2 ; Sagan et al. 1993 ) on these K-and M-dwarf systems. Indeed, atmospheric characterization of increasingly smaller planets (R p 4 R ⊕ ) is already underway (e.g., Wakeford et al. 2017; Benneke et al. 2019) .
Future target selection and characterization efforts will benefit from improved understanding of and constraints on CHZ boundaries. Earliest estimates of the CHZ made use of energy balance models (EBMs) (Hart 1979) , which established the dependence of HZ widths on stellar spectral type. Follow on studies, using 1D radiative-convective models, identified two boundaries of the inner habitable zone: one defined by the onset of a water-enriched stratosphere and another defined by a radiative equilibrium threshold (Kasting et al. 1984; Kasting 1988 ). These early simulations assumed a fully saturated troposphere with a fixed moist adiabatic lapse rate and static clouds. Subsequently, Kasting et al. (2015) found that as the absorbed stellar flux increases, the stratosphere moistens and warms significantly which could allow water vapor to efficiently escape to space. Other studies, also using 1D models, provided additional insights, finding for example, that CHZ widths could change according to atmospheric composition and/or atmospheric pressure (e.g., Vladilo et al. 2013; Zsom et al. 2013; Ramirez & Kaltenegger 2017) .
In more recent years, idealized and state-of-the-art estimates of the CHZ have utilized 3D general circulation models (GCMs) to place physics-based constraints on CHZ boundaries (e.g., Abe et al. 2011; Yang et al. 2014; Way et al. 2016) . GCM predictions improved upon 1D model projections by way of explicit simulation of largescale circulation and key climate system feedbacks. For instance, incorporation of atmospheric dynamics into models of slowly-rotating planets resulted in climatic behaviors that can only be resolved in 3D, e.g., substellar cloud formation and convergence caused by changes in the Coriolis force (Yang et al. 2013; Kopparapu et al. 2016; Way et al. 2018) . Follow-up studies, using similar GCMs, found that habitable planets around M-dwarf stars have moist stratospheres despite mild global mean surface temperatures (e.g., Fujii et al. 2017; Kopparapu et al. 2017) . These results stood in contrast to previous inverse modeling approaches with 1D radiativeconvective models (e.g., Kasting 1988) , where a surface temperature of 340 K was deemed the threshold for the classical "moist greenhouse" regime.
Despite these advances, exoplanet GCM studies have traditionally not accounted for photochemical and atmospheric chemistry-climate interactions − components recently found by both 1D (Lincowski et al. 2018; Kozakis et al. 2018 ) and 3D models (Chen et al. 2018 ) to be critical for habitability and biosignature prediction. The addition of photochemistry to prognostic atmospheric models allows for interactions between high energy photons and gaseous molecules. This often leads to the breaking of molecular bonds and creation of free radicals and ions, which have significant impacts on atmospheric composition and associated habitability. Determination of water loss, in particular, requires knowledge of where water vapor photodissociation occurs in the mesosphere and lower thermosphere (MLT), and is dependent on dynamical, photochemical, and radiative processes. To simulate the speciation, reaction, and transport of various gaseous constituents (e.g., H 2 O v ) and their photochemical byproducts (e.g., H, H 2 ), coupled 3D chemistry-climate models (CCMs) are needed. CCMs are able to simulate photochemically important species such as ozone, allowing for prognostic assessments of chemistry-climate system feedbacks. As ozone is primarily derived from molecular oxygen, prognostic ozone calculations enable consideration of O 2 -rich atmospheres with active oxygenating photosynthesis on the surface. Lastly, CCMs simulate a number of chemical species, and thus provide a rich tapestry for calculating transmission spectra, compared to the simplified atmospheric compositions generally considered in GCMs.
Critically, interactive simulation of photochemistry and atmospheric chemistry requires a high model-top (i.e., a model whose atmosphere reaches into the midthermosphere (∼150 km)), as highly energetic photons initially and primarily interact with a planets upper atmosphere. While most radiatively active species are stable against dissociation in the troposphere, species become vulnerable to photolysis above the tropopause and to photoionization above the stratopause and mesopause.
Apart from key dissociative processes in the MLT region, high-top atmospheric dynamics are also important as they influence the transport of gaseous molecules. Vertical velocity in the vicinity of the tropopause is not an isolated process, but influenced by momentum sources in the stratosphere and lower thermosphere (Holton et al. 1995) . Further, mean meridional circulation of the lower stratosphere, which can affect the distribution of chemical tracers, is driven primarily by the drag provided by planetary and gravity wave momentum deposition in the stratosphere and mesosphere (Haynes et al. 1991; Holton et al. 1995; Romps & Kuang 2009 ). A high model-top is therefore essential to simulate chemical interactions and their associated dynamical processes in the MLT region.
Based on conventional theory, endmembers of habitability are represented by (i) icehouse-CO 2 -rich climates at the outer edge of the habitable zone (OHZ) and (ii) moist greenhouse climates at the inner edge of the habitable zone (IHZ). In this study, we use a 3D high-top CCM to investigate the latter regime, namely the moist greenhouse limits of IHZ planets orbiting M-dwarf stars. The paper is organized as follows: In Section 2, we describe our model and experimental setup. In Section 3, we present and analyze our results. Section 4 discusses implications of our results, caveats, and relevance to observations. Finally, Section 5 summarizes key findings, provides concluding remarks, and suggests next step.
MODEL DESCRIPTION & NUMERICAL SETUP
We employ the National Center for Atmospheric Research (NCAR) Whole Atmosphere Community Climate Model (WACCM) to investigate the putative atmospheres of rocky exoplanets. WACCM is a 3D global CCM that simulates interactions of atmospheric chemistry, radiation, thermodynamics, and dynamics. We set the Community Atmosphere Model v4 (CAM4) as the atmosphere component of WACCM. CAM4 uses native Community Atmospheric Model Radiative Transfer (CAMRT) radiation scheme (Kiehl & Ramanathan 1983) , the Hack scheme for shallow convection (Hack 1994) , the Zhang-McFarlane scheme for deep convection (Zhang & McFarlane 1995) , and the Rasch-Kristjansson (RK) scheme for condensation, evaporation and precipitation (Zhang et al. 2003) . For a complete model description see Neale et al. (2010) and (Marsh et al. 2013) .
WACCM includes an active hydrological cycle and prognostic photochemistry and atmospheric chemistry reaction networks. The chemical model is version 3 of the Modules for Ozone and Related Chemical Tracers (MOZART) chemical transport model (Kinnison et al. 2007 ). The module resolves 58 gas phase species including neutral and ion constituents linked by 217 chemical and photolytic reactions. The land model is a diagnostic version of the Community Land Model v4 with the 1850 control setup including prescribed surface albedo, surface CO 2 , vegetation, and forced cold start. The oceanic component is a 30-meter deep thermodynamic slab model with zero dynamical heat transport and no sea-ice. Even though a fully dynamic ocean is ideal, Yang et al. (2019a) recently demonstrated that the inclusion of such does not significant impact the climate of moist greenhouse IHZ planets. Furthermore, the presence of significant North-South oriented continents minimizes the effects of ocean heat transport on tidally locked worlds (Yang et al. 2019a; Del Genio et al. 2019) .
WACCM includes a number of improved and expanded high-top atmospheric physics and chemical components. Processes in the MLT region are based on the thermosphere-ionosphere-mesosphere electrodynamics (TIME) GCM (Roble & Ridley 1994) . Key processes included are: neutral and high-top ion chemistry (ion drag, auroral processes, and solar proton events) and their associated heating reactions. In terms of atmospheric dynamics, WACCM allows the emergence of gravity waves (important for governing large-scale flow patterns and chemical transport) by orographic sources, convective overturning, or strong velocity shears (Neale et al. 2010 ). Molecular diffusion via gravitational separation of different molecular constituents (Banks & Kockarts 1973 ) is an extension to the nominal diffusion parameterization in CAM4. Below 65 km (local minimum in shortwave heating and longwave cooling), WACCM retains CAM4s radiation scheme. Above 65 km, WACCM expands upon both longwave (LW) and shortwave (SW) radiative parameterizations from those of CAM3 and CAM4 (Collins et al. 2006) . WACCM uses thermodynamic equilibrium (LTE) and non-LTE heating and cooling rates in the extreme ultraviolet (EUV) and infrared (IR) (Fomichev et al. 1998 ). In the SW (0.05 nm to 100 µm; Lean 2000; Solomon & Qian 2005) , radiative heating and cooling are sourced from photon absorption, as well as photolytic and photochemical reactions. To our knowledge, we are the first to apply these models and modules in the context of exoplanets.
We configure the described model components to simulate the atmospheres of tidally-locked (trapped in 1:1 spin-orbit resonance) planets across a range of stellar spectral energy distributions, bolometric stellar fluxes, and planetary rotation periods (Table 1) . We construct stellar spectral energy distributions (SEDs) using the PHOENIX synthetic spectra code (Husser et al. 2013) assuming stellar metallicities of [Fe/H] = 0.0, alpha-enhancements of [α/M] = 0.0, surface gravities log g = 4.5, and stellar effective temperatures (T eff ) of 2600 K (TRAPPIST-1-like), 3000 K (Proxima Centauri-like), 3300 K (AD Leo-like), and 4000 K (late K-dwarf). All synthetic stellar SEDs are assumed to be in states of (Pp) , simulated global-mean surface temperature (Ts), simulated water vapor mixing ratio at 0.1 mbar (H2Ov), simulated model-top thermospheric hydrogen mixing ratio (H), and simulated thermospheric temperature at 100 km altitude (T th ). Bolded experiments indicate "IHZ limit" simulations, which are the focus of discussion in Section 3.2.
a Simulation with input stellar SED modified by swapping out the UV bands (λ < 300 nm) of the fiducial star and replacing it with 2× Solar UV from Lean et al. (1995) .
b AD Leonis UV data from Segura et al. (2005) .
quiescence. The corresponding rotation periods obeys Kepler's 3rd law, as in Kopparapu et al. (2016) , which is given by:
where L/L is the stellar luminosity in solar units, F p /F ⊕ is the incident stellar flux in units of presentEarth flux (1360 W m −2 ), and M/M is the stellar mass in solar units.
We set the mass and radius of all our simulations to those of present-day Earth. We set the orbital parameters (obliquity, eccentricity, and precession) to zero. We use present Earths continental configuration and topography, which is a reasonable starting point as fully ocean-covered planets are unlikely to support an active climate-stabilizing carbon-silicate cycle and allow buildup of O 2 (Abbot et al. 2012; Lingam & Loeb 2019 Kopparapu et al. (2017) due to the extensive effort required to derive new coefficient values for CH 4 , N 2 O, and other IR absorbers included in the chemical transport model, which is beyond the scope of this work.
WACCM simulations are run at horizontal resolutions of 1.9
• ×2.5
• (latitude by longitude) with 66 vertical levels, model top of 6 × 10 −6 hPa (150 km), and a model timestep of 900 seconds. We increase the total stellar flux by intervals of 0.1 F p /F ⊕ and modify the rotation period according to Equation 1. We follow previous work (Yang et al. 2014; Kopparapu et al. 2016 ) and assume that the maximum flux for which a planet can maintain thermal equilibrium, i.e., top of atmosphere (TOA) radiation balance, defines the incipient stage of a runaway greenhouse. We refer to climatically-stable (i.e., in thermal equilibrium) simulations as converged simulations, while those that are climatically unstable (i.e., out of thermal equilibrium) are deemed to be in incipient runaway states. With the exception of Figure  1 , all converged simulations have been run for 30 Earth years of model time and the results presented here are averaged over the last 10.
Note that our model simulation naming convention (Table 1) follows from simulated stellar flux and effective temperature: XXFYYT, where XX represents the total stellar flux (relative to the Earths) and YY represents the effective temperature of the host star. For instance, 13F26T represents an experiment in which the stellar flux is set to 1.3 F ⊕ and the host star has an effective temperature of 2600 K.
RESULTS
We present the first simultaneous 3D investigation of climate and atmospheric chemistry in temperate, moist greenhouse, and incipient runaway greenhouse atmospheres on synchronously-rotating planets. The results section is structured as follows: First, we examine the onset of runaway greenhouse conditions in our simulations. Next, we discuss moist greenhouse conditions and their associated climatic and chemical properties. We then investigate isolated changes in stellar spectral type and bolometric stellar flux. Specifically, we analyze the effects of shifted stellar SEDs, increased incident stellar flux, and UV radiation on our results. Next, we show prognostic water vapor and hydrogen mixing ratios and discuss new escape rates calculated with interactive chemistry. Lastly, we present simulated atmospheric transmission spectra and secondary eclipse thermal emission spectra using our CCM results as inputs and discuss their observational implications.
Climate Behaviors in Runaway Greenhouse States
Runaway greenhouse states are energetically unstable climate conditions in which the net absorption of stellar radiation exceeds the ability of water vapor rich and thus thermally opaque atmospheres to emit radiation to space, as described by the Simpson-Nakajima limit (Nakajima et al. 1992) . A subset of our simulations reaches this runaway threshold, which we define as the innermost boundary of the HZ. We illustrate incipient runaway behavior and contrast it with a climaticallystable case by providing timeseries of TOA radiation balance and surface temperature from three representative simulations, initialized from the same climatic state, i.e., global-mean surface temperature (T s ) of ∼291 K (Figure 1 ). From this initial state, simulations diverge, largely according to the intensity of stellar flux and cloud development. For example, in the climatically-stable 15F33T simulation (Figure 1 , red curves), the TOA radiation balance begins negative, but stabilizes about zero as the day-side cloud fraction initially decreases, but then oscillates near 95% coverage. This radiation balance allows the global-mean T s to stabilize at 283 K. In contrast to this climatically stable pathway, "incipient runaway greenhouse" (Wolf et al. 2019) conditions are simulated for planets at both lower (12F26T) and higher (20F40T) stellar fluxes around late M-dwarf (12F26T) and late K-dwarf (20F40T) stars. In the 20F40T simulation, the planet rapidly transitions into an incipient runaway greenhouse state as the stellar flux is sufficiently high that it causes the collapse of the substellar cloudalbedo shield ( Figure 1 , gold curves). No equilibrium T s is achieved in this simulation. Similarly, in the lower flux 12F26T case ( Figure 1 , blue curves), the global-mean T s does not achieve an equilibrium. Initially global-mean T s decreases similar to 15F33T, but the higher rotation rate reduces the dayside cloud shield, allowing the TOA radiation imbalance to turn positive, which leads to the incipient stage of a runaway thermal state
Climate and Chemistry at the IHZ: Temperate & Moist Greenhouse States
While runaway greenhouse states delineate the optimistic IHZ, both temperate and moist greenhouse climates may be situated at or near the IHZ limit. In this study, we are primarily interested in the chemistry and climatic conditions habitable planets located at the IHZ. To identify this boundary, four host star type simulations were run with incremental (0.1 F p /F ⊕ ) increases in stellar flux (Table 1) . Simulations not pushed into the incipient runaway state described in Section 3.1, i.e., simulations with flux 0.1 F p /F ⊕ less than runaway conditions, define our "IHZ limit" cohort: 10F26T (temperate), 11F30T (temperate), 16F33T (moist greenhouse), and 19F40T (moist greenhouse). Temperate atmospheres have low, Earth-like stratospheric water vapor content (typically 1×10
−5 mol mol −1 ) and globalmean T s below 285 K (Table 1) . Moist greenhouse atmospheres emerge when the stratospheric H 2 O v mixing ratio are sufficiently high, i.e., 3 × 10 −3 mol mol
such that water-loss via diffusion-limited escape could occur at a geologically significant rate in the thermosphere (Kasting 1988) . If the water-loss is sufficiently slow (i.e., 5 Gyrs), then rapid desiccation of a planets oceans is prevented and its surfaces can remain habitable. Amongst our simulations, only IHZ limit climates around early-to-mid M-dwarfs (T eff = 3300 and 4000 K) meet the moist greenhouse criterion (Figure 2b, 16F33T and 19F40T) . Simulations around these stars but with lesser stellar flux, i.e., 15F33T and 17F40T, do not achieve sufficient stratospheric H 2 O v to place them in the moist greenhouse regime (Figure 2b ). Simulations 16F33T and 19F40T have stratospheric H 2 O v mixing ratios of 2.05 × 10 −3 and 1.179 × 10 −2 mol mol −1 respectively (Table 1 ), yet their global mean T s does not exceed 310 K (Figure 2a) , which indicates that the surface may be habitable despite the high stratospheric water vapor content. Temperate IHZ limit climates (experiments 10F26T and 11F30T) simulated around late M-dwarfs (T eff = 2600 and 3000 K) do not enter the moist greenhouse regime with incremental (0.1 F p /F ⊕ ) increases in stellar flux (Figure 2 , red and gold). Instead, they abruptly transition into incipient runaway greenhouse states (e.g., 12F26T; Figure 1 , blue curve). Similar conclusions were reached by Kopparapu et al. (2017) using CAM4 with updated H 2 O v absorption coefficients but excluding interactive chemistry. We demonstrate differences in climate and chemistry amongst the IHZ limit simulations across the four host star types by showing contour plots of surface temperature, high cloud fraction, upper atmospheric wind fields, TOA outgoing longwave radiation (OLR), and ozone mixing ratios averaged between 10 −4 and 100 mbar (Figure 3) . These results exhibit the convolved effects of stellar SED, incident flux, and planetary rotation, as all three parameters are correlated. Following Chen et al. (2018) , we define a metric to assess the day-to-nightside gas mixing ratio contrasts:
where r day is the dayside hemispheric mixing ratio mean, r night the nightside mean, and r globe the global mean. The degree of anisotropy is loosely encapsulated in this parameter, which is shown in Figures 3 and 8 and will be discussed throughout the paper. Substantial differences in surface temperature distributions can be found amongst the four IHZ limit simulations. With increasing stellar T eff , day-to-nightside T s gradients decrease (Figures 3a-d ). This is caused by increased day-to-nightside heat redistribution at higher incident fluxes. Consistent with previous GCM studies that exclude interactive chemistry (e.g., Kopparapu et al. 2017) , we find that on slowly rotating planets, the weaker Coriolis force allows formation of optically thick substellar cloud decks by way of buoyant updrafts (Figures 3e-h ). In addition, meridional overturning cells expand to higher latitudes when the Rossby radius of deformation approaches the diameter of the planet (del Genio et al. 1993) , which decrease the pole-to-equator temperature gradient. These two consequences (i.e., formation of dayside clouds and reduction of temperature gradient) of slow rotation allow planets around early Mdwarfs to maintain habitable climates at higher fluxes.
Atmospheric dynamics regulate cloud patterns, global energy balance, and circulation symmetry of a planet. In our simulations, reduced OLR coincides with locations of deep convective clouds as high clouds exhibit a strong warming effect, and substantially reduce OLR (Figure 3i-l) . For slowly-rotating cases, substellar OLR is decreased by the high opacity of substellar cloud decks (Experiments 16F33T and 19F40T; , On the other hand, simulations 11F26T and 12F30T (Figure 3i j) exhibit temperature peaks trapped in Rossby-gravity waves caused by eastward momentum transport to the equator (Matsuno 1966; Gill 1980) . Indeed, we find that lower rotation period planet atmospheres around later M-dwarfs (lower T eff ) lead to increased turbulent flows, formation of midlatitude and super-rotating jet streams, and greater day-to-nightside asymmetry (Figure 3i-j ; see also Komacek & Abbot 2019) . Importantly, these dynamical transitions are largely responsible for the changes in cloud formation, a key factor in regulating the efficiency of planetary albedo, surface temperature, and thermal equilibrium.
Differences in ozone chemistry between each IHZ limit simulation highlight the interplay between transport, photochemical, and photolytic processes. For instance, day-to-nightside contrasts in ozone decrease in magnitude with increasing stellar T eff (from r diff = −153% down to −23.6%; Figure 3m-p) . This is a consequence of the enhanced dayside ozone destruction via recombination limit by HO x (H + OH + HO 2 ), catalytic re- action with NO x (NO + NO 2 ), and incident UV radiation (280 < λ < 320 nm; UV-B). While the effects of stellar host star type on photochemistry are notable in the ozone distribution, they are more prominent when enhanced UV activity is included, thus we save the majority of our discussion for Section 3.5.
Temperate Atmospheres: Effects of Changes in Stellar SED
Host star spectral-type can influence attendant planet atmospheres through differences in stellar SED and planetary rotation period, as the latter two variables are correlated through Kepler's third law. Our coupled CCM simulations demonstrate that the primary climatic effects of different input stellar SEDs are changes in greenhouse gas radiative forcing, while photochemistry (e.g., driver of water photolysis) is not substantially impacted.
The red-shifted spectra of low-mass stars have consequences on climate and chemistry by way of an increased water vapor greenhouse effect and reduction in dayside cloud cover (Figure 4a-c) . Specifically, greater IR absorption by atmospheres around stars with T eff = 2600 K and 3000 K increases both atmospheric temperature and the amount of precipitable water, and decrease radiative cooling efficiency aloft (Figure 4a and b, red curve). Reduction in the efficiency of radiative cooling and dayside cloud fractions lead to the water vapor greenhouse effect offsetting that of cloud albedo, and results in higher T s for 10F26T compared to simulations around early M-dwarfs (Figure 4b ). Moreover, potential increased concentrations of other greenhouses gases such as CH 4 and N 2 O on late M-dwarf planets would also contribute to increase T s (Segura et al. 2005; Rugheimer et al. 2015) .
Further insight into the effects of different stellar SEDs can be observed in the global-mean vertical profiles (Figure 4e-h ). Below 10 −2 mbar, atmospheric temperature increases monotonically with decreasing stellar T eff (Figure 4e ). This relationship exists because shortwave absorption increases and Rayleigh scattering decreases with the redness of the host star. Above 10 −2 mbar, however, the dependence of temperature on stellar T eff is reversed due to the increasingly important role of O 2 photodissociation by shortwave photons at higher altitudes (Figure 4e ). Both H 2 O v shortwave heating and strength of vertical advection increase with lower T eff due to the higher NIR fluxes. At pressures less than , and global-mean vertical profiles of atmospheric temperature (e), H2Ov (f), O3 (g), and H mixing ratios (mol mol −1 ) (h). We show simulations around stars with T eff =2600, 3000, 3300, 4000 K but with the same total stellar flux Fp = 1.0F⊕. In the zonal profiles, the substellar point is over longitude 180
• .
10
−4 − 10 −5 mbar, temperatures rise rapidly (Figure 4e ) by way of thermospheric O 2 and O absorption of soft Xray and EUV, while water vapor mixing ratios decline due to photodissociation to H, H 2 , and OH (Figure 4f ).
Ozone photochemistry is modulated by incident UV flux, chemical reaction pathways, and ambient meteorological conditions (P , T ). Our predicted ozone mixing ratios above 10 −1 mbar decrease with decreasing stellar T eff (Figure 4g ). This behavior is largely due to the increased photochemical removal of O 1 D by OH, which limits recombination with molecular oxygen. OH destruction of ozone is maximized near the boundary layer for the 10F26T experiment as increased surface temperatures (due to lower substellar albedos) leads to larger H 2 O v inventories. At pressure less than 10 −2 mbar, ozone mixing ratios rise as mean free paths between molecules increase dramatically with altitude.
Atmospheric hydrogen is primarily produced from the photolysis of high-altitude water vapor. At temperate conditions, H mixing ratios in both meridional and vertical profiles (Figure 4d and Figure 4h) are not substantially impacted by shifts in stellar SED, assuming quiescent stars. This is seen by the fact that all four simulations have close to zero H mixing ratios until ∼10 −3 mbar, at which point they rise to ∼10 −7 mol mol −1 (Figure 4h) . Increased efficiency in water vapor photolysis above the mesosphere is evidenced by the exponential dependence of H mixing ratios on altitude. A transition in H mixing ratios above 10 −2 mbar is caused by the rapid increase in water vapor photolysis rates and hence stronger dependence on pressure altitude. We should point out however, that the seemingly minor effects of stellar SEDs stem from our choice of input SED-types. The PHOENIX stellar model data (Husser et al. 2013) we employed are inactive in the UV and EUV bands, regardless of the spectral type. As many M-dwarfs are active in the Ly-α line fluxes (115 < λ < 310 nm; France et al. 2013), we next explore how changes in these assumptions affect our findings (Section 3.5).
Moist Greenhouse Atmospheres: Effects of Increasing Stellar Flux
Increasing stellar flux can affect both climatic and photochemical variables. For instance, we find that both atmospheric temperature and water vapor mixing ratios increase monotonically with increasing incident flux as Figure 5 . Zonal profiles of mean meridional surface temperature (a), total cloud fraction (b), vertically-integrated precipitable water (c), model-top H mixing ratios (mol mol −1 ) (d), and global-mean vertical profiles of atmospheric temperature (e), H2Ov (f), O3 (g), and H mixing ratios (h). Simulations use total stellar fluxes Fp = 1.0, 1.5, 1.8F⊕ and stellar T eff held fixed at 3300 K. In the zonal profiles, the substellar point is over longitude 180
reported by previous studies (e.g., Kasting et al. 1984 Kasting et al. , 2015 , whereas photochemically important species and their derivatives such as ozone and hydrogen display nonlinear behavior. Water vapor concentrations and surface climate are both strong functions of stellar flux. With increasing stellar flux at fixed stellar SED (T eff = 4000 K) we find that water vapor quickly becomes a major constituent from the stratosphere (∼100 mbar) to the thermosphere (5 × 10 −5 mbar). For example, total precipitable water increases by a factor of 3 for every interval change of incident flux (Figure 5c ). However, the corresponding surface temperature rises much more gradually, wherein a change in stellar flux (from experiment 10F40T to 16F40T, or from F p = 1.0 F ⊕ to F p = 1.6 F ⊕ ) only causes an average T s increase of ∼30 K in the lowlatitude regions due to stabilizing cloud feedbacks (Figure 5a) .
The rapid rise in water vapor mixing ratios in the upper atmosphere ( 1 mbar) can be attributed to positive feedbacks between flux, H 2 O v IR heating, and vertical motion. H 2 O v NIR absorption and cloud feedbacks are amplified by increased stellar flux and incident IR. With increased water vapor, the tropospheric lapse rate decreases and the moist convection zone expands. These two shifts lead to displacement of the cold trap to higher altitudes ( Figure 5e ) and thus more efficient H 2 O v vertical advection. Greater H 2 O v vertical transport increases its concentration in the upper atmosphere, increasing the strength of greenhouse effect and atmospheric temperature.
While we find considerable increases in H 2 O v mixing ratios in the stratosphere, the increase in surface temperatures is less dramatic. For instance, in experiment 19F40T, the stratospheric water vapor mixing ratio has reached 10 −2 mol mol −1 (Figure 5f ) yet the global-mean surface temperature is still just 300 K (Figure 5e ). This result agrees with previous findings of the so-called habitable moist greenhouse in which the stratosphere becomes highly saturated while the troposphere is stabilized by optically thick clouds (Kopparapu et al. 2017) . In habitable moist greenhouse states (e.g., 19F40T; Figure 5e-h), surface habitability, to the first order, depends on the rate of water escape from the upper atmosphere. If water escape is sufficiently slow in these conditions, then insofar as the surface climate remains stable, the planet could host life on a timescale that raises the possibility of remote detection. Stellar flux can indirectly affect ozone photochemistry via an increase in atmospheric water vapor dissociation and changes in ambient conditions such as atmospheric temperature. Vertical profiles of ozone show a minimum in the ozone mixing ratio in the highest total incident flux simulation (Figure 5g, 19F40T , red curve), and a maximum for the simulations receiving the least (Figure 5g, 10F40T, blue curve) . The resultant thinner ozone layer at high fluxes is caused by the increased removal rate via photochemical reactions with dayside HO x and NO x (primarily OH and NO species) for simulation 19F40T. Reduction in ozone between the boundary layer and altitude at 5.0 mbar is due to photochemical removal by OH, while the ozone maximum is shifted to 1.0 mbar (Figure 5g , gold curve), indicating a change in the location of highest gross ozone production rate.
Elevated water vapor mixing ratios lead to more atomic hydrogen via photodissociation. At temperate conditions, the most efficient altitude of water vapor photolysis is 10 −3 mbar, as implied by the H mixing ratio shift (Figure 5h ). With higher incident fluxes however, e.g., 19F40T, the inflection of H mixing ratios change with altitude indicating higher photodissociation efficiencies with height. Notably, we find that our prognostic H mixing ratios are almost never twice the amount of H 2 O v , as assumed in previous GCM studies (e.g., Kasting et al. 1993; Kopparapu et al. 2013 Kopparapu et al. , 2017 . This suggests that previous climate modeling works on the moist greenhouse state have overestimated water-loss rates. Lesser simulated H mixing ratios are the result of a variety of processes, including the oxidation of H by O 2 and photochemical shielding by O 3 , CH 4 , and N 2 O. In the next section we explore the dependence of photochemistry on stellar UV radiation inputs. With simulated hydrogen, we then provide revised calculations of water loss and estimate the longevity of our exoplanetary oceans.
Dependence on Stellar UV Activity
Stellar UV radiation can affect atmospheric chemistry, photochemistry, surface habitability, and based on our findings, observability. Here, we investigate the 3D effects of different stellar UV activity assumptions on tidally-locked planets with Earth-like atmospheres. To test the effects of UV radiation we run simulations in which the UV bands (λ < 300 nm) of the fiducial T eff = 4000 K (experiment 19F40T) star are swapped with those of (a) active VPL AD Leonis data (19FADLeoUV; Segura et al. 2005) and (b) UV data obtained by doubling the Solar UV spectrum (19FSo-larUV; Lean et al. 1995) . The baseline inactive 19F40T and resultant higher UV spectra for each simulation is shown in Figure 8 . Active stellar SEDs are joined with the VIS/NIR portion of the spectra beyond 300 nm by linearly merging the last UV datapoint with the first optical (λ > 300 nm) datapoint in the PHOENIX stellar model. UV radiation may drive changes in atmospheric dynamics, in addition to atmospheric chemistry. With changes in our fiducial late K-dwarf (T eff = 4000 K) SED, we find increases in the vertical velocities at the substellar point from 0.10 m s −1 (inactive star;), to 0.14 m s −1 (2× Solar UV), then to 0.18 m s −1 (AD Leo UV; Figure 7a -c), indicating stronger ascent of substellar updrafts. In addition, horizontal and thus day-to-nightside transport are enhanced as evidenced by the higher wind velocities. While mesospheric zonally-averaged wind speeds (at 1 mbar) forced by the quiescent M-dwarf are modest ∼25 m s −1 (Figure 7a ), equatorial winds driven by elevated day-to-nightside temperature gradients can reach as high as 60 m s −1 for the simulations forced by the AD Leo UV SED (Figure 79c ). Near-surface winds converge toward the substellar point due to large-scale updrafts in all three cases, but are not significantly altered by changes in UV radiation (Figure 7d-f) .
Global distributions of photochemically important species and their byproducts are also affected by stellar UV activity (Figure 8 ). Substellar updrafts (due to radiative heating) of chemical constituents and antistellar downdrafts (due to radiative cooling) should result in higher ozone mixing ratios on the dayside. For the simulations forced by the 2× Solar UV and AD Leo UV SED (Figure 8b-c) , this effect is heightened by increased UV in the wavelengths responsible for ozone production (shortward of 220 nm). In contrast, lower ozone production rates on the quiescent simulation lead to reduced dayside ozone (Figure 8a ).
The amount of dayside OH and H is directly related to the input UV, with chemical transport playing a small role. With a higher UV radiation than that received by the baseline, the OH distributions become increasingly concentric (19FSolarUV: 19% and 19FADLeoUV: 201%;  Figure 8e-f) due to its short lifetime and the greater contribution from water vapor photodissociation. In contrast at higher UV levels, H mixing ratio distributions begin to lose their concentric shapes and reduced rdiff (19FSolarUV: 32.9%, and 19FADLeoUV: 28.8%; . These different responses are explained by the enhanced dispersal of H by atmospheric transport as seen by the slight eastward shift of H mixing ratio distribution in the AD Leo UV case (Figure 8i ). Increased horizontal advection migrates the effects of enhanced dayside photolytic removal, reflected in the decreasing r diff of hydrogen with greater UV input. Note that our inactive stellar SEDs result in more reduced dayside ozone than those reported by Chen et al. (2018) , which likely stems from the lack of a fully resolved stratosphere-MLT region (e.g., Brewer-Dobson circulation) in the low-top out-of-the-box version of CAM4. These discrepancies in day-to-nightside chemical gradients illustrate the need for model inter-comparisons of exoplanetary climate predictions (e.g., Yang et al. 2019b ).
Unsurprisingly, the three different UV radiation schemes produce atmospheric temperature profiles that are substantially different (Figure 9a ). Elevated incident UV fluxes translate to higher shortwave heating and thus atmospheric temperatures due to FUV and EUV absorption by atomic and molecular oxygen. A more energetic UV spectrum is also able to penetrate more deeply into the atmosphere.
Apart from different thermal structures, we find orders of magnitude differences in H 2 O v , O 3 , and H mixing ratio profiles (Figure 9b , c, and d)− indicating that stellar activity can have strong ramifications for water loss and atmospheric chemistry for moist greenhouse atmospheres. Enhanced AD Leo EUV and UV induced shortwave heating increases stratospheric and mesospheric temperatures and water vapor mixing ratios (red curve; Figure 9a and b). However, the altitude at which photolysis is maximized moves lower due to the more energetic shortwave photons (Figure 9b ). For ozone mixing ratios, production outpaces destruction resulting in a thicker ozone column for simulations around more active stars (gold and green curves, Figure 9c ), while the upper ozone layers remain desiccated.
Finally, different input UV assumptions also alter the altitude at which water vapor photolysis is most efficient, which can determine the thermospheric H mixing ratio and hence water escape rate. Without stellar activity, the H mixing ratios remain low 7.27 × 10 −5 mol mol −1 (red curve, Figure 9d ). With the inclusion of stellar activity, both altered UV simulations are pushed into the true moist greenhouse regime with H mixing ratios of 1.04 × 10 −3 and 7.45 × 10 −2 mol mol −1 respectively (gold and green curve, Figure 9d ). This implies that although planets around inactive stars may only experience minor water loss, both active Solar and AD Leo SEDs could cause attendant planets to suffer rapid water loss. 
Prognostic Hydrogen & Ocean Survival Timescales
The ability of a given planet to host a viable habitat is linked to the survivability of its ocean, i.e., the so-called "ocean loss timescale". Conventional estimates of the ocean loss timescale have used 1D climate models and GCMs that rely on prescribed H mixing ratios calculated by doubling their model-top H 2 O v . Here we reassess previous estimates by using directly simulated H mixing ratios and thermospheric temperature profiles drawn from our CCM simulations. We find that our ocean survival timescales are substantially higher than previously published estimates for quiescent stars, and are critically dependent on the stellar activity level. We demonstrate this by estimating water loss rates with Jeans diffusionlimited escape scheme. While an over-simplification due neglect of hydrodynamics, this first order estimate is typically used to interpret climate model results of moist greenhouse climates (e.g., Kasting et al. 1993; Kopparapu et al. 2013 Kopparapu et al. , 2017 Wolf & Toon 2015) . With our prognostic hydrogen mixing ratios at each stellar SED Our results suggest that only simulations around active Mdwarfs enter the classical moist greenhouse regime as defined by Kasting et al. (1993) . Blue shading indicates timescales less than the age of the Earth.
and incident flux combination (Figure 2 ), we can calculate new escape rates of hydrogen (Hunten 1973) :
where Q H thermospheric hydrogen mixing ratio (model top), H is the atmospheric scale height kt/mg, and b is the binary Brownian diffusion coefficient given by:
where T thermo is the thermospheric temperature of the atmosphere (taken at ∼100 km altitude). We find that IHZ planets with Earth-like atmospheric compositions experiencing water loss should be more resilient to desiccation than previously reported. For example, all simulations around inactive stars have ocean survival timescales well above 10 Gyr (Figure 10 ), even for those with H 2 O v mixing ratios above 3 × 10 −3 mol mol −1 (i.e., classical moist greenhouse). With realistic UV SED however, the oceans are predicted to be lost quickly (< 1 Gyr) via the molecular diffusion of H to space. This result stands in contrast to previous estimates using diagnostic H mixing ratios to calculate the escape rates, finding much shorter ocean loss timescales across all host star spectral types (see e.g., Figure 5 in Kopparapu et al. 2017) . Clearly, a careful assessment of a stars activity level is critical for determining whether planets around M-dwarfs will lose their oceans to space.
DISCUSSION
This study builds upon previous efforts to study planets at the IHZ, but with the added complexity of interactive 3D photochemistry and atmospheric chemistry, and by self-consistently simulating the atmosphere into the lower thermosphere. Predictions of surface temperature, atmospheric radiative properties, and the corresponding incipient runaway greenhouse limits are in general agreement with 3D climate models of various heritages (Yang et al. 2013; Kopparapu et al. 2016; Fujii et al. 2017) . The inclusion of ozone radiative heating and cooling only has small effects on the IHZ limit. However, our IHZ estimates are closer in (to the respective host stars) than other previous studies−differences stemming from increased water vapor absorption (Kopparapu et al. 2017) , as well as improved CAM5 aerosol microphysics and cloud treatment (Bin et al. 2018) . Similarly, disparities between previous GCM calculations of the IHZ (e.g., Toon 2015 and Leconte et al. 2013a ) can be largely attributed to treatment of moist physics and clouds (Yang et al. 2019b) .
Our predictions of water loss and habitability implications show greater divergence from previous GCM studies−an outcome that is not unexpected given different initial atmospheric compositions and the addition of model chemistry. For quiescent stars, model top H mixing ratio predictions (hence water loss rates) presented here are orders of magnitude lower than previous work with simplified atmospheric compositions and without interactive chemistry. Implications of our results are favorable to the survival of surface liquid water for planets around quiescent M-dwarfs. For example, a recent study of the temporal radiation environment of the LHS 1140 system suggest that the planet receives relatively constant NUV (177 − 283 nm) flux < 2% compared to that of the Earth (Spinelli et al. 2019) . Our results suggest that LHS 1140b is likely stable against complete ocean desiccation due to the low UV activity of the host star, which bodes well for its habitability. Note however, that since our WACCM simulations assume a hydrostatic atmosphere, escape of H 2 O v is only roughly approximated. For XUV-driven hydrodynamic escape around highly active or young stars, water-loss rates can become much more severe. Thus, further study is warranted examining stellar activity levels, including enhanced UV flux, time-dependent stellar flares, and sun-like proton events, and their roles in driving water-loss in habitable planet atmospheres.
In this study we focus solely on simulations with Earth-like ocean coverage and landmass distributions. However, water inventories vary with accretion and escape history. If a planet is barren (i.e., without a substantial surface liquid water inventory), then moist convection is inhibited and the water vapor greenhouse effect is suppressed. This can result in the delay of a runaway greenhouse (Abe et al. 2011 ) and the onset of moist bistability wherein surface water could condense in colder reservoirs (Leconte et al. 2013b) . These scenarios should be explored using fully coupled CCMs as water availability could substantially affect photochemistry through the production of HO x family derivatives.
Similarly, we fix our substellar point over an ocean basin and assume circular orbits locked in 1:1 spin-orbit resonance. In reality, the substellar point and stellar zenith angle could be nonstationary (Leconte et al. 2015) and planetary orbits could be eccentric without the stabilizing influence of a gas giant (Tsiganis et al. 2005) . Nonstationary solar zenith angles could affect atmospheric circulation by modulating efficiency of moist convection, while eccentricity could drive planetary climate by as evidenced by Earths geological record (Horton et al. 2012) . However, these considerations are arguably secondary as existence of thermal tides are purely theoretical and planets in the RV samples that have eccentricity greater than 0.1 are not common (Shen & Turner 2008) . Thus, we believe our simplification of fixed substellar point and perfect circular orbit should be valid for the majority of actual planetary systems.
Apart from surface climate, continued habitability is contingent upon the formation and retention of an ozone layer to shield excessive stellar UV-C (200 < λ < 280 nm) radiation and energetic particle bombardment. A thin ozone layer is hazardous to DNA due to surface exposure to high doses of UV radiation (e.g, O'MalleyJames & Kaltenegger 2017). Alternatively, UV radiation may be critical in instigating complex prebiotic chemistry (e.g., Ranjan et al. 2017) . As our simulations enter the moist greenhouse regime, we find that their atmospheres have orders of magnitude lower ozone mixing ratios than those in temperate climates (Figure 5g) , implying that the UV fluxes reaching the planetary surface may be high and therefore potentially threatening to surface life. Further, we find that both stellar UV activity and efficiency of day-to-nightside ozone transport could control the degree of UV flux penetration on the dayside surface. Thus, future constraints on the width of this complex life habitable zone (HZCL; Schwieterman et al. 2019) will need to evaluate its dependencies on stellar flux, spectral type, and stellar activity, and will benefit from the use 3D CCMs.
Ultimately, CCM predictions of planetary habitability at the IHZ depend on the water accretion history (Raymond et al. 2006) , stellar XUV evolution (Luger & Barnes 2015) , orbital parameters (Kilic et al. 2017) , and the spatial distribution of surface water (Way et al. 2016; Kodama et al. 2018) . These considerations should be investigated in a more extensive CCM-based parameter space study (similar in spirit to e.g., Komacek & Abbot 2019) to better understand the climate, chemistries, and habitability potentials of IHZ planets around M-dwarfs.
Observational Implications & Detectability
Follow-up characterization efforts by future instruments will likely target planets around M-dwarfs. To contextualize our CCM results within an observational framework, we calculate transmission spectra, secondary eclipse thermal emission spectra, and their simulated observations using the Simulated Exoplanet Atmosphere Spectra (SEAS) model (Zhan et al. submitted) . To compute atmospheric spectra, we use a subset of our CCM results: (i) Earth around the Sun, (ii) tidally-locked planet around an M8V star (10F26T), (iii) tidally-locked planet around a quiescent M2V star (19F40T), and (iv) tidally-locked planet around an active M2V star (19FADLeoUV). These simulations are chosen to illustrate the spectral feature differences between rapidlyrotating planets (10F26T and Earth-Sun) and slowlyrotating planets (19F40T and 19FADLeoUV) . These simulations also demonstrate the consequences of different stellar UV activity levels on the spectral shapes: from low (10F26T and 19F40T) to mid (Earth-Sun), to high (19FADLeoUV) UV inputs. Lastly, planets orbiting late K-dwarfs, such as 19F40T, are argued to be at an advantage over those around mid-to-late M-dwarfs for biosignature potential (Arney 2019; Lingam & Loeb 2017 , and thus our primary focus on the stellar SED with T eff of 4000 K.
CCM inputs for the SEAS model include: simulated temperatures and mixing ratios of gaseous constituents (i.e., N 2 , CO 2 , H 2 O v , O 2 , O 3 , CH 4 , and N 2 O), converted to 1D vertical time-averaged profiles. Transmission spectra were generated using the terminator mean values, while the emission spectra used the daysidemean. SEAS assumes the premise of clouds, rather than using CCM results, in order to facilitate comparison with previous work (Morley et al. 2013; Heng 2016) . For transmission, we explore three scenarios: uniform grey cloud at 10 mbar with 1.0 opacity, uniform grey cloud at 100 mbar with 0.5 opacity, and no clouds. For thermal emission, we assumed a 50% patchy grey cloud at 10 mbar with 0.5 opacity. These selections are made based on the fact that the atmosphere molecular absorption Figure 11 . Simulated atmosphere transmission spectra of synchronously-rotating planets around M-stars and an Earth-like fast rotator around a Sun-like star (P = 24 hrs), showing apparent planet radius and transit depth as a function of wavelength (µm). Simulated input data from CCM (i.e., experiments 10F26T, 19F40T, and 19FADLeoUV) are spatially averaged across the terminators. We explore three cloud assumptions: uniform grey cloud at 100 mbar with 0.5 opacity (a), uniform grey cloud at 10 mbar with 1.0 opacity (b), and no clouds (c and d). Also shown are simulated JWST observation with 1σ uncertainty bar (black) at two integration times: 10 hr (a, b, c) and 100 hr (d). The simulated observation assumes the planet to be 2 pc away from the observer, and the bin width of the telescope to be 1 µm at wavelength of 10 µm.
path length for stellar radiation passing through the rim of the planet atmosphere is ∼10× the molecular absorption pathlength for blackbody radiation traveling from the surface of the planet. The system is assumed to be 2 pc from the observer. Future SEAS work will make use of simulated clouds. The planet of consideration is an Earth-sized and Earth mass planet.
Our simulated observations assume the use of a JWST-like, 6.5 m telescope, and with 25% throughput and an approximated noise multiplier of 50% which accounts for potentially unknown stellar variability and/or instrumental effects. While the spectral resolution of JWST is R = 100 at 1 -5 µm (NIRSpec) and R = 160 at 5 -12 µm (MIRI), in practice this "high" resolution (as compared to Hubble WFC3) is not prioritized for detection/distinction of H 2 O v and O 3 molecules in exoplanet atmospheres due to the unique and broad spectra features these two molecules have (Zhan, et al. submitted) . Therefore, detection can be optimized by using a larger bin width to increase the signal-to-noise ratio (SNR) of the H 2 O v and O 3 molecules at the expense of reducing the resolution just enough to distinguish the molecules in consideration. We use the empirical formula of:
where l 0 is 0.1 µm and λ 0 is 1 µm. i.e, the bin width l n , at λ n = 10 µm, is = 1 µm. We find that the detection of H 2 O v can be achieved with high SNR confidence using NIRSpec. We also find that O 3 detection at the 9.6 µm window can potentially reach an SNR of 3 using MIRI LRS for planets around active stars (e.g., a Sun-like star or active M-dwarf). For the transmission spectra (Figure 11a-d) , we compare our simulated results with those of Fujii et al. (2017) and Kopparapu et al. (2017) , and find that our CCM-SEAS results are in agreement with the potential of characterizing water vapor features between 5 and 8 µm. Slowlyrotating planets orbiting the IHZ of M2V stars (e.g., 19F40T and 19FADLeoUV) have moist greenhouse atmospheres and higher stratospheric water vapor content (red curves in Figure 5 ), which raises their signals in comparison to rapidly-rotating planets and stratospherically dry planets (e.g., 10F26T). The strength of the ozone feature at 9.6 µm is dependent on stellar spectraltype and UV activity. Oxygenated-atmospheres around active stars (i.e., Earth and 19FADLeoUV) should have more pronounced ozone features due to increased ozone production rates compared to their quiescent counterparts. We find that although the H 2 O v features are not significantly altered by stellar UV activity, the O 3 features are. In addition, we test the effects of total integration time (10 hr vs 100 hr) on the predicted observations to explore the "most optimistic"" scenario ( Figure  11 ). We find that detectability of the ozone feature is substantially improved with a higher integration time (Figure 11d ).
For secondary eclipse thermal emission spectra (not shown), we find that the 9.6 µm O 3 feature is located near the emission peak of the planet (∼300 K blackbody). Despite this finding, detection of this feature via secondary eclipse could be challenging for Earth-sized planets near 4000 K stars due to low SNR confidence. Potentially low SNRs are a result of the constraints of JWSTs cryogenic lifetime (necessary for mid-IR observations) of 5 years. Further, as the total number of transit hours that can accumulate is less than 100, the maximum achievable SNR confidence given our simulation parameters would less than 3. For a super-Earth (e.g. 1.75 R ⊕ ) around a 2600 K star however, secondary eclipse measurements of these features could be achievable. Future CCM-SEAS studies will test this possibility by modeling planets with greater radii.
CONCLUSION
In this study, we carried out numerical simulations of climate and chemistries of tidally-locked planets with a 3D CCM. Our results show that the maintenance of ozone layers, water photodissociation efficiency, and the onset of moist and incipient runaway greenhouse states depend on the incident stellar flux, stellar spectral-type, and importantly, UV radiation. We find that without the use of 3D interactive chemistry, one cannot account for the effects of dayside stellar UV injection that is vitally important for a planet's habitability and atmospheric observability. As we employ the native CAMRT, our predicted surface temperatures and incipient runaway limits show general agreement with GCMs using CAM (e.g. Yang et al. 2014 and Kopparapu et al. 2016) .
Critically, we find that only climates around active M-dwarfs enter the classical moist greenhouse regime, wherein hydrogen mixing ratios are sufficiently high such that water loss could evaporate the surface ocean within 5 Gyrs. For those around quiescent M-dwarfs, hydrogen mixing ratios do not exceed that of water vapor. As a consequence, we find that planets orbiting quiescent stars have much longer ocean survival timescales than those around active M-dwarfs. Thus, our results suggest that improved constraints on the UV activity of lowmass stars will be critical in understanding the longterm habitability of future discovered exoplanets (e.g., in the TESS sample; Günther et al. 2019 ).
Stellar UV radiation has pronounced effects on atmospheric circulation and chemistry. Our 3D CCM simulations show that vertical and horizontal winds in the upper atmosphere (∼1 mbar) are strengthened with higher UV fluxes. Global distributions of O 3 , OH, and H are the result of long-term averaged tradeoffs between dynamical, photolytic, and photochemical processes−resulting in substantially different day-tonightside contrasts with incident UV radiation. Thus, coupling dynamics and photochemistry will be necessary to better understand the spatial distributions and temporal variability (e.g., Olson et al. 2018 ) of biogenic compounds and their byproducts.
Using a radiative transfer model with our CCM results as inputs, we show that detecting prominent water vapor and ozone features on M-dwarf planets during primary transits is possible by future instruments such as the JWST (Beichman et al. 2014) . However, secondary eclipse observations are more challenging due to the low SNR confidence. 
